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We study selected meson transition processes and associated form factors within a model of 
QCD based on the Dyson-Schwinger equations truncated to ladder-rainbow level. The infrared 
structure of the ladder-rainbow kernel is described by two parameters; the ultraviolet behavior is 
fixed by the one-loop renormalization group behavior of QCD. The work is restricted to the u and 
d quark sector and allows a Poincare-covariant study of the radiative decays: p — > 717, uj — > tt"/, and 
TT^' 77. Particular attention is paid to the form factors for the associated transitions: 7*7r'' — » 7, 
7*^" — > 7*, 7*7r — > p and 7*p — > tt. The latter two processes are of interest as contributors to meson 
electroproduction from hadronic targets away from the s-channel resonance region. We use the 
present QCD model to explore limitations to the assumption that coupling to a t-channel virtual qq 
correlation can be modeled as meson exchange. 
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I. INTRODUCTION 

At a soft scale, the electromagnetic content of hadrons 
reveals the distribution of current generated by the in- 
teracting constituent dressed quarks. This useful insight 
into non-perturbative hadron dynamics is expressed in 
terms of electromagnetic form factors obtained from ex- 
clusive processes such as elastic lepton scattering or lep- 
tonic transitions to specific hadronic states. At a hard 
scale, typified by present deep inelastic scattering experi- 
ments, much of the final state non-perturbative dynamics 
is reflected in the initial distributions of quark and gluon 
partons which are probed perturbatively. The unraveling 
of this information from structure functions will require a 
connection with non-perturbative QCD calculations and 
models. Although some lattice QCD studies have begun 
to produce moments of structure functions ^ , the op- 
portunities are very limited at present. Useful quantities 
for calibration of models of QCD arc the electromagnetic 
elastic and transition form factors of hadrons. 

The most extensive hadronic models were designed to 
study the mass spectrum and decays and often contain 
elements that limit their use for developing electroweak 
form factors. Examples include: non-relativistic kine- 
matics, a lack of manifest Poincare covariance, no quark 
sea, no dynamical gluons, no QCD renormalization group 
behavior for evolution of scale, and no confinement of 
quarks. Covariant relativistic field theory models that 
are simpler than QCD, but respect dynamical chiral sym- 
metry breaking, have long been utilized for the model- 
ing of soft physics such as the hadronic mass spectrum. 
For example, such progress has been reviewed within the 
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Nambu-Jona-Lasinio model and the Global Colour 
Model |, |. In the case of the latter, soft electromag- 
netic form factors of mesons and meson transitions have 
been considered Q. For hard electromagnetic processes, 
studies of deep inelastic scattering within the Nambu- 
Jona-Lasinio model 1^, 01 have helped clarify some of the 
issues confronting work within a quark field theory for- 
mat. 

Here we summarize recent progress in the soft QCD 
modeling of light meson electromagnetic transition form 
factors based on the set of Dyson-Schwinger equations 
[DSEs] of the theory ^ ^. The model we apply here 
has been previously shown to give an efficient description 
of the masses and electroweak decays of the light pseu- 
doscalar and vector mesons jl^, |ll[ . Here we work in the 
u and d quark sector and treat electromagnetic processes 
involving tt, p and lu. This covariant approach accom- 
modates quark confinement and implements the QCD 
one-loop renormalization group behavior. The perfor- 
mance of this model for deep inelastic scattering phe- 
nomena can be gauged from that of a simplified version 
that has recently produced excellent results for the pion 
valence quark distribution amplitude p^ . 

An issue that arises in studies of electromagnetic inter- 
actions with hadrons is vector meson dominance [VMD] . 
Within a quark-gluon model that dynamically produces 
the vector meson pole in the dressed photon-quark ver- 
tex, the validity and effectiveness of extrapolating such a 
mechanism to nearby momentum domains can be tested. 
The pion charge radius and low-Q^ charge form factor 
have recently been explored from that perspective [p^ . 
The empirical effectiveness of the simple VMD assump- 
tion in that case is much greater than its faithfulness to 
the underlying dynamics. A similar example is found 
here in the transition j*tt'^ — > 7. The vector meson res- 
onance pole term extrapolated to the photon point pro- 
duces an estimate of the p radiative decay coupling con- 
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stant gp-n^ in terms of the tt decay couphng constant 5^77 
that is accurate to within a few percent. For a large range 
of spacehke momentum, we find the shape of the form fac- 
tor for this transition to be consistent with a monopole 
with mass scale m^; this is also consistent with analyses 
of the asymptotic behavior. 

When a process like the above involves a qq corre- 
lation with a spacelike invariant mass, there arises the 
question of how accurately it can be modeled by meson 
exchange when the meson is a bound state defined at a 
unique (timelike) invariant mass. This question is here 
brought into sharper focus by examination of form fac- 
tors for transition processes ^*MM' that arise in meson 
exchange models [Q. Here M is a virtual t-channel qq 
correlation such as might be provided by a hadronic tar- 
get, and M' is a physical produced meson. Our model 
of the underlying quark-gluon dynamics is used to inves- 
tigate the extent to which the virtuality of M influences 
the ^*MM' form factor that should be employed in me- 
son exchange models, given that the employed i-channel 
propagator for M is of the standard point meson type. 
We consider the cases where M can be vector or pseu- 
doscalar. The domain of accuracy of the meson exchange 
assumption is explored. 

In Sec. II we use the generic coupling of a pseudoscalar 
bosonic object to a pair of vector bosons in impulse 
approximation to define our notation. There we intro- 
duce the required dressed quark propagator from the 
QCD quark DSE in rainbow approximation, and the re- 
quired vertex amplitudes from the Bethe-Salpeter equa- 
tion [BSE] in ladder approximation. We also outline 
there the phenomenological infrared content and parame- 
terization of the model and summarize the resulting pseu- 
doscalar and vector meson properties. We specialize to 
the 7r77 process in Sec. Ill, discussing both the coupling 



constant and two different transition form factors and 



their asymptotic behavior. In Sec. [V the pi:^ coupling is 
discussed from three different aspects: the coupling con- 
stants and widths for radiative decay of p and w, the form 
factor for the 7*77 p transition, and the form factors 
for 7*P p and tt where P and V are virtual 

qq objects having the quantum numbers of ground state 
pseudoscalar and vector mesons respectively. Here the 
connection to i-channel meson exchange is explored. A 
summary can be found in Sec. 



II. PSEUDOSCALAR-VECTOR-VECTOR 
PROCESSES IN IMPULSE APPROXIMATION 

Here we analyse pseudoscalar-vector-vector processes 
(PVV) characterized by a generic PVV vertex that, in 
QCD in impulse approximation, is described by the quark 
loop integral 



K^^'iP-^Q) = NJ TT[S'^{qa)Tf{qa,qb)S\q,) 

Jq 

xr';{q,,q,)S^q,)rf{q,,qa)] . (1) 



Here T'j}{qa,qb) is the pseudoscalar vertex function for 
a pseudoscalar coupling to an outgoing quark with mo- 
mentum qa and flavor a — u,d, and an incoming quark 
with momentum qh and flavor b — u,d; similar definitions 
hold for the two vector vertex functions and F^. The 
external momenta are Q = qc — qa and P ~ qt — qc for 
the vector vertices, and K — —{P + Q) = qi, — qa for the 
pseudoscalar vertex, all flowing into the triangle diagram. 

The notation = d'^q/ stands for a transla- 
tionally invariant regularization of the integral, with A 
being the regularization mass-scale. The regularization 
can be removed at the end of all calculations, by taking 
the limit A — > 00. It is understood that the same regular- 
ization is applied to the calculated dressed quark propa- 
gators S{q) and vertex functions F appearing in Eq. (|^), 
and that the quark propagators are renormalized at a 
convenient spacelike momentum scale before taking the 
limit A — > 00. 

This generic PVV vertex can be specialized in an obvi- 
ous way to such processes as the tt" 77 decay, radiative 
decays such as p ^ irj, and transitions such as 7*7r — > p. 
In general, one has to add loop integrals corresponding 
to the different orderings of the vertices and the various 
flavor-labeled components of neutral mesons, in order to 
get the vertex describing an actual physical process. 

The form factor associated with the generic PVV ver- 
tex is identified from the general form 



A^:,y^(P;Q) = C Fpvv{iP + Qf,P^Q^) 



pv 



X e 



Pp Qa 



(2) 



normalized in such a way that Fpvv = 1 for on-shell 
external momenta; the constant C contains the coupling 
constant, together with numerical factors such as isospin, 
symmetry factors, factors of tt from the integration mea- 
sure and so on. This will be made clear for specific cases 
discussed later. Note that from the three external mo- 
menta (P, Q, K), two of which are independent, there are 
several choices for the independent Lorentz scalar quan- 
tities that a form factor depends on. The choice of form 
factor variables will be dictated by the process in ques- 
tion. The form in Eq. (||) facilitates a study of the depen- 
dence upon the momenta of the vector objects. To study 
the dependence upon the momentum K = —{P + Q) of 
the pseudoscalar object, we would take advantage of the 
antisymmetry of the e tensor to use 

A^^''{-{Q + Ky,Q) = C Fpvv{K\{K + Qf,Q^) 



X e 



pupa ^p 



QpK, 



(3) 



For electromagnetic interactions, electromagnetic cur- 
rent conservation is manifest if the approximations used 
for the dressing of the quark propagators, meson Bethe- 
Salpeter amplitudes [BSAs], and the quark-photon ver- 
tices are dynamically consistent with the approximation 
used for the photon-hadron interaction. Rainbow-ladder 
truncation of the DSE and BSE, in combination with im- 
pulse approximation for the photon-meson coupling sat- 
isfies this consistency requirement p5|. 
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A. Dyson— Schwinger Equations 

The DSE for the renormahzed quark propagator in Eu- 
chdean space is 



at p2 = = —mfj, with q = q+ r]Q, q' 



s{pr 



iZ2i) + Z^niq^^i) 



fiiy 



{k)^l^Siq)T:{q,p), (4) 



where D^y{k) is the dressed-gluon propagator, r°(g,p) 
the dressed-quark-gluon vertex, and k ^ p — q. The 
most general solution of Eq. has the form 

Sip)~^ = i'^A{p'^)+ B{p^) and is renormahzed at space- 
like fjL^ according to A[^'^) = 1 and B{^'^) = mq{fi) with 
mq{^) being the current quark mass. We 
Euclidean metric where {7^, 7^} = 2(5^i,, 7^ = 

a-h = X^Li ^i^i- 

Mesons can be studied by solving the homogeneous 
BSE for q°-(f bound states 



use the 
7^ and 



r^^(p+,p_) = / K{p,q-P) 

J a 



q-)S\q-), (5) 
— p + rjP and 



®S'^{q+)ri{q+ 

where a and h are flavor indices, p- 
P- = p — {\ — ri)P are the outgoing and incoming quark 
momenta respectively, and q± is defined similarly. The 
kernel K is the renormahzed, amputated qq scattering 
kernel that is irreducible with respect to a pair of qq 
lines. This equation has solutions at discrete values of 
= —mjj, where mn is the meson mass. Together 
with the canonical normalization condition for qq bound 
states, it completely determines F//, the bound state 
BSA. The different types of mesons, such as pseudo- 
scalar, vector, etc are characterized by different Dirac 
structures. The most general decomposition for pseu- 
doscalar bound states is ml 



(6) 



^Psiq+,q-) = lb[iE{q^;q- P]T]) 

-f rF{q^;q-P;v)+ ^G{q^;q 
+ cr^,y P^q^ H{q^; q ■ P\ ry)] , 

where the invariant amplitudes i?, G and H are 
Lorentz scalar functions of q^ and q ■ P. For charge eigen- 
states, these amplitudes are appropriately odd or even in 
the charge parity odd quantity q ■ P. In the case of the 
^ pion, for example, the amplitude G is odd in q • P, 
the others are even. Note also that these amplitudes ex- 
plicitly depend on the momentum partitioning parameter 
•q. However, so long as Poincare invariance is respected, 
the resulting physical observables are independent of this 
parameter |f5|| . 

The meson BSA F"^ is normalized according to the 
canonical normalization condition 



2P^ = 



Nr. 



d 



■Tr 



r''--{q',q)S^{q+)T^''{q,q')S\q^) 



k,q 



t\k'^k)K{k,q-P)x''\qA')}. (7) 



and similarly for k and k' . For vector mesons, it is un- 
derstood that one must contract and average over the 
Lorentz indices of the (transverse) BSAs to account for 
the three independent polarizations. 

We will later need the following exact expression for 
the pion decay constant f-j^: 

.A 

f^P,, ^Z^nJ Tr[757^^(<Z+)r.(g+,g_)5(<z_)] . (8) 

Jq 

Since a massive vector meson bound state is transverse, 
the BSA requires eight covariants for its representation. 
We choose the transverse projection of the form 



+ lii-iLavsHaqvPfi V4 + 14 
+ o^j^^qy Vq + afj,vPy Vj 

+ qtiCTajSqaPp . (9) 



This form is a variation of that used in Ref. |ll| that is 
simpler and easier to use in many respects. The invariant 
amplitudes Vi are Lorentz scalar functions of q^ and q ■ P 
and again, for charge eigenstates, they are either odd or 
even m q ■ P. For the 1 p meson, V3 and Vg are odd, 
the other amplitudes are even. 

The quark-photon vertex is F" = F° where is 
the a-quark electric charge and the amplitude F° is nor- 
malized so that its bare (UV) limit is 7^. The vector 
vertex F° with total momentum Q — p^ — p_ satisfies 
the inhomogeneous BSE 

Tl{p+,p-) - Z2 7M+ / K{p,q-Q) 



®S\q+)Tl{q+,q^)S'^{q^), (10) 

where we ignore the possibility of flavor mixing in the 
kernel. There are twelve invariant amplitudes needed to 
represent the quark-photon vertex. The four longitudinal 
ones can be expressed directly in terms of the quark prop- 
agator amplitudes via the vector Ward-Takahashi iden- 
tity [WTI] ; the eight transverse amplitudes are defined by 
a decomposition of the form of Eq. (||) and are obtained 
from solutions of Eq. ( pO| ) as discussed in Ref. . For 
timelike near the position of a vector meson bound 
state with mass ray, the transverse part of the quark- 
photon vertex has the resonance pole behavior |jl^ 

where fv is the electroweak decay constant of the vector 
meson. 



B. Model Truncation 

We employ the model that has been developed re- 
cently for an efficient description of the masses and 
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decay constants of the light pseudoscalar and vector 
mesons jl^, |l^ . This consists of the rainbow truncation 
of the DSE for the quark propagator and the ladder trun- 
cation of the BSE for the mesons. The required effective 
qq interaction has a phenomenological infrared behavior 
and reduces to the perturbative QCD running coupling 
in the ultraviolet jl^, In particular, the rainbow 

truncation of the quark DSE, Eq. is 

Z^g'D,,{k)riiq,p) ^ g{e)D'^l%k)^,^ , (12) 

where D^^°'^{k ~ p — q) is the free gluon propagator in 
Landau gauge. The consistent ladder truncation of the 
BSE, Eq. §), is 



K{p, q; P) ^ -g{k^) Dfr-(fc)^7p ® ^7. 



(13) 



where k = p — q. These two truncations are consistent in 
the sense that the combination produces vector and axial- 
vector vertices satisfying the respective WTIs. In the ax- 
ial case, this ensures that in the chiral limit the ground 
state pseudoscalar mesons are the massless Goldstone 
bosons associated with chiral symmetry breaking ||l^, ^ . 
In the vector case, this ensures electromagnetic current 
conservation if the impulse approximation is used to de- 
scribe the meson electromagnetic current or charge form 
factor p^ . Furthermore, this truncation was found to 
be particularly suitable for the flavor octet pseudoscalar 
and vector mesons since the next-order contributions in a 
quark-gluon skeleton graph expansion, have a significant 
amount of cancellation between repulsive and attractive 
corrections Q. 

The model is completely specified once a form is cho- 
sen for the "effective coupling" Q{k'^)- We employ the 
Ansatz 111 



47r2 D fc2 



iln 



+ (l + fcVA|cD)^ 



(14) 



with 7™ = 12/(33 - 27V/) and T{s) = (1 - exp 4^)/s. 

The ultraviolet behavior is chosen to be that of the 
QCD running coupling a{k'^); the ladder-rainbow trun- 
cation then generates the correct perturbative QCD 
structure of the DSE-BSE system of equations. The 
first term implements the strong infrared enhancement 
in the region < fc^ < 1 GeV^ phenomenologically re- 
quired |l^ to produce a realistic value for the chi- 
ral condensate. We use m* = 0.5 GeV, r = e^ — 1, 
Nf = 4, Aqcd = 0.234 GeV, and a renormalization scale 
/i = 19 GeV which is well into the perturbative do- 
main ||l^, |l^. The remaining parameters, oj = 0.4 GeV 
and D = 0.93 GeV^ along with the quark masses, are fit- 
ted to give a good description of the chiral condensate, 
m^lK and 

Within this model, the quark propagator reduces to 
the one-loop perturbative QCD propagator in the ul- 
traviolet region. In the infrared region both the wave 



TABLE I: Overview of the results of the model for the meson 
masses and decay constant, adapted from Refs. |l^, p4| . 





experiment |23|] 


calculated 




(estimates) 


\ nttecl ) 


'^Ai=lGoV 


5-10 MeV 


5.5 MeV 


*'i|i=lGcV 


100 - 300 MeV 


125 MeV 




- 


(0.236 GeV)'^ 


J. , • > 

(0.241+)'^ 




0.1385 GeV 


0.138"^ 




0.131 GeV 


0.131+ 


TTlK 


n 4Qfi PpV 
u.^yu V 


fl 4Q7t 


Ik 


0.160 GeV 


0.155 


nip 


0.770 GeV 


0.742 


fp 


0.216 GeV 


0.207 


rriK* 


0.892 GeV 


0.936 




0.225 GeV 


0.241 




1.020 GeV 


1.072 


U 


0.236 GeV 


0.259 



function renormalization Z{p'^) ~ 1/A{p'^) and the dy- 
namical mass function M{p'^) = B{p'^)/A{p'^) deviate sig- 
nificantly from the perturbative behavior, due to chiral 
symmetry breaking. Recent comparisons Jig] , p0[ of re- 
sults from this rainbow DSE model to lattice QCD sim- 
ulations [ pT| , [22] provide semiquantitative confirmation 
of the behavior generated by the present DSE model: a 
significant enhancement of Af (p^) and a modest enhance- 
ment of A(p2) below 1 GeV^. 

The vector meson masses and electroweak decay con- 
stants produced by this model are in good agree- 
ment with experiments [pl , as can be seen from Ta- 
ble | Without any readjustment of the parameters, this 
model agrees remarkably well with the most recent Jlab 
data ||2^ for the pion charge form factor Ft^{Q'^). Also 
the kaon charge radii and electromagnetic form factors 
are well described [^, ^ . The strong decays of the vec- 
tor mesons into a pair of pseudoscalar mesons are also 
well-described within this model l26|, |27ll . 



III. THE 7r7 7 TRANSITION 

The symmetrized invariant amplitude for the coupling 
of a pion with momentum K — —{Qi + Q2) to a pair 
of photons with helicities Ai and A2 and momenta Qi 
and Q2 has the form TW^i^^ ^ gAi A^J'' e^^ where is 
a photon polarization vector. With consideration of the 
two flavor-labeled components of neutral pion and the 
two orderings of photons, the vertex can be decomposed 
as 



AIT 77 _ 

^/2 



{Q-fK,-{Q'fk1^ (15) 



where is the electric charge of the a-flavored quark. 
Here A°^ is the vertex contribution from a given ordering 
of the photons and from flavor component aa of the tt*^. 
The factor of \/2 in the denominator comes from the fla- 
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vor weights in the 7r° state, {uu — dd) / \/2, and the factor 
of 2 in the numerator comes from summation over the 
two orderings of the photon vertices. Isospin symmetry 
gives = A;^^; thus we have K'l^Ji'^ = ^Kl^/Z. The 
impulse approximation result for the vertex A" is 



a;:.(Qi;Q2) 



A 



S{q2)T^{q2,qi)S{q^) 
xiT^{qi,k)S{k)iT,{k,q2)\ . (16) 



with qi = k + Qi and q2 — k — Q2. The result is in- 
dependent of the choice of integration variable, and this 
provides a useful check on numerical methods. 

The form factor that we associate with this process is 
defined from [E8| 



a;I.^^(Qi;Q2) 

71" /tt 



QlpQ2crFTrf'i{Ql,Ql) , (17) 



where /^r — fn/V^ — 92 MeV and the fine structure con- 
stant is acm — e^/47r. The Lorentz scalar Qi ■ Q2 does 
not occur as a third argument of the form factor since 
the pion mass-shell constraint fixes it in terms of those 
shown. The form factor so defined has the normalization 
Fj^jjlO, 0) = 1 so that gTryj is the coupling constant. For 
on-shell photons, Qi = Q2 = this vertex describes the 
neutral pion decay and the associated width is 



(18) 



16^3/^2 



This decay is governed by the axial anomaly, which leads 
to g'l^j = 1/2 in chiral limit. For example, the cor- 
responding decay width produced by Eq. (|l^) is F = 
7.7 eV, while the experimental value is F = 7.8 eV. 

A consistent ladder-rainbow truncation of the DSE- 
BSE system of equations preserves the symmetry con- 
straints that dictate this anomaly ||2^, ^ . Our approach 
indeed reproduces the correct neutral pion decay width. 
The difference in the coupling constant produced by the 
finite size of ttIt^ is less than 2%, which is our estimate 
of our numerical accuracy. Since the decay width is very 
sensitive to m^r, we use the experimental m-^ to convert 
the experimental width to the coupling constant g^rr ^ 
0.501 ± 0.018; our theoretical result is g^^^ = 0.502. 



A. 7*7r7 transition form factor 



For one on-shell photon, we can define a transition 
form factor F^.^^((5^) = F^'y-y(Q^,0) for the process 
7*7r ~> 7, which has been measured by the CLEO and 
CELLO collaborations ^ . Our numerical results for 
this form factor are presented in Fig. |^, and agree very 
well with the available data. The corresponding interac- 



This is in much better agreement with the experimental 
2 - 0.42 ± 0.04 fm^ than an ear- 
within the present DSE frame- 
work that had a considerably greater reliance upon phe- 
nomenological elements. 



estimate |3lj] of r^^^ - 
lier theoretical result 12 



CELLO 
CLEO 

DSE calculation 
VMD p monopole 
BL monopole 




2.0 
[GeV^] 



FIG. 1: Our results for the 7*7r 7 form factor, to- 
gether with a simple VMD monopole with mass scale rri^ = 
0.59 GeV^, a monopole based on the Brodsky-Lepage asymp- 
totic form 0.674/(g^ -1-0.674), and data from CLEO and 
CELLO Etl. 



Our numerical results indicate that this form factor 
is an almost perfect monopole, and can be simulated 
very well by a VMD formula F{Q'^) = m'j,/{Q'^ + m^) 
with a p-meson mass scale = 0.59 GeV^, over the 
entire momentum range shown. With use of perturba- 
tive QCD and factorization on the lightfront, Brodsky 
and Lepage |Q showed that this form factor behaves 

like Q^F{Q^) 8n^f„^ = 0.674 GeV^ in the asymp- 
totic spacelike region (Q^ > here) . Our results indicate 
a slightly lower asymptotic mass scale, see Fig. We 
will discuss the asymptotic behavior further in Sec. p^II C 
below. 



tion radius, defined by r 



-6F'(0) is rl 



77 



0.39 fm-" 



B. Equal photon momenta 

Next, we consider the 7r'^7*7* form factor, correspond- 
ing to an on-shell pion, and two off-shell photons that 
have equal spacelike virtualities Q^. Although exper- 
imental data are not available for this equally virtual 
configuration, it is interesting from a theoretical point 
of view. 

At low this 7*7r — > 7* form factor is reasonably well 
represented by a dipole, in contrast to the 7*7r 7 case, 
which is an almost perfect monopole, see Fig. ||. This 
dipole behavior is consistent with VMD; in the symmetric 
case VMD leads to dipole behavior since both photons 
behave like 1/{Q^ + "^p) near the p-pole. However, for 
spacelike momenta of about > 0.5 GeV^, the infiuence 
of the vector meson resonance has weakened considerably 
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0.5 1.0 
[GeV^] 

FIG. 2: Our DSE results for the symmetric 7*7r —> 7* form 
factor at low momentum together with a simple VMD dipole 
with mass scale = 0.59 GeV^. For comparison, the 7*7r 
7 form factor F{Q^, 0) and the corresponding VMD monopole 
from Fig. hi are also shown. 




DSE results 
VMD dipole 
bare vertices 
(4/3) % f I 
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FIG. 3: Our DSE results for the symmetric 7*7r 7* form 
factor, compared to the derived asymptotic behavior. 
Note that = 131 MeV. The naive VMD model suggests a 
dipole behavior which is correct only in the infrared. 



and the behavior becomes increasingly a monopole form. 
This can be seen more clearly in Fig. 0. 



C. Asymptotic behavior 

As pointed out recently |Q , it is convenient to discuss 
the asymptotic behavior of this form factor with reference 
to the following form produced by the light-cone operator 



product expansion 133, 35 



F{QlQl) 47r2/,'{ 



Q\ + Ql 



-o 



)} 



(19) 



Here w is the photon asymmetry {Q\ — Q2)/{Q\ + Qi)- 
In lightfront QCD J(a;) is related to the leading twist 
pion distribution amplitude <j)Ti{x) by 



m = 3 



dx 



l-w2(2a:- 1) 



(20) 



The normalization of 4>-„{x) immediately gives J(0) = | 
for the case of equal photon virtuality. Since a corre- 
sponding result does not exist for w = 1, one expects 
more model dependence for that asymmetric case. 

Within the present DSE-based approach, it is straight- 
forward to analyze the asymptotic behavior for equal 
virtuality. From Eq. ( |l6| ) with photon momenta Qi ~ 
P — K/2 and Q2 = —P — and pion momentum K , 

we have 



A" (Qi;Q2 



Tr 



X r^(9-,9)'S'(g) ^u{q, q 



S{q+)T^{q+,q-)S{q^) 
(21) 



where q± = q±K/2, and q = q + P. The pion mass-shell 
condition coupled with m,r being negligible compared to 
the other scales leads to the asymptotic domain being 
characterized by Qi=Q2 — P^^ ■ In this pertur- 
bative domain, we have 



T^{q - K/2, q + P) S{q + P) T,{q + P,q + K/2) ^ 

7m S°{q + P) li^ = -i Z2 IblaPfi/P'^ 

+ ••• , (22) 

where Z2 is the renormalization constant appearing in 
Eq. (0) for the dressed quark propagator, and the terms 
not shown make only subleading contributions to the fi- 
nal result. Thus the asymptotic behavior of the impulse 
approximation vertex in Eq. (El^) is 



A;1^(Qi;Q2) = « e2 Z2 iV, e^^a;3 



p2 



Tr 



S{q+) 



^''{q+^q-) S{q-h5ia 



(23) 



Noting that the integral produces the pion decay constant 
/tt via Eq. (||) , we find from Eq. ( p^ ) the asymptotic result 



or in other words, J(0) = 4/3. 

Our numerical calculation reproduces J{0) = 4/3 
within numerical accuracy as can be seen from the dashed 
curve in Fig. ^ where Qf ~ Q2 — Q^- In that Figure we 
also show that, in the asymptotic region, results employ- 
ing the dressed quark-photon vertices obtained from so- 
lution of the ladder BSE, approach rapidly the results ob- 
tained with bare vertices. This confirms the key approxi- 
mation used to obtain Eq. (|2^) for the analytic extraction 
of the asymptotic behavior within the DSE approach. 
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TABLE II; The asymptotic behavior summarized in terms of 
the coefficient J(l) for the 7*7r7 form factor, and JYO) for the 
symmetric 7*7r7* form factor, as defined in Eq. (19|). 



diate from either the w-quark or the d-quark giving 



J(l) hghtcone pQCD ||] 
J(l) Anikin et al. Q 
J(l) earher DSE analysis |36[|^, ||| 
J(l) current DSE model numerical estimate 
J(l) experimental estimate 



J(0) Anikin et al.^ 
J(0) DSE analysis 

J(0) current DSE model numerical result 



2 

1.8 
4/3 
1.7 
1.6 



4/3 
4/3 
1.3 



Now we return to the experimentally accessible asym- 
metric case of one photon on-shell, and the other one 
virtual: u = 1. Perturbative QCD on the lightfront, in 
combination with factorization, suggest J(l) = 2 
However, a monopole fit to the experimental data, for 
Q2 up to 10 GeV^ produces J(l) = 1.6 ||. This value 
agrees quite well with estimates based on a chiral quark 
model with a phenomenological interaction and with 
a fit to numerical results of the DSE model of the present 
work. Table ^ provides a summary of these results. 

The asymptotic behavior of the form factor for the 
asymmetric case (uj = I) was analyzed in earlier DSE- 
based works 37, through an argument that is 
the counterpart of what we have presented in Eqs. ( |2^ ) 
and (|2^) for the symmetric case. A complicating aspect 
of the asymmetric case in Euclidean metric is that, be- 



cause of the mass-shell constraint imposed by one photon 
being real, the two photon-quark vertices and the quark 
propagator linking them have momentum arguments con- 
taining imaginary parts that grow with the asymptotic 
scale, but are subdominant to the real parts. The ear- 
lier analyses made the reasonable assumption that the 
leading asymptotic behavior is produced by considering 
only the real arguments (and thus the known UV limit) 
of the propagator and vertices; the result obtained is 
J(l) = 4/3. In the symmetric case, the scale of the imag- 
inary parts is dictated only by m,rj and knowledge of the 
UV behavior of S T^, is needed only along the real 
spacelike momentum axis to produce the result given by 
Eq. (p^. We consider this situation to be more reliable; it 
is confirmed by the comparison in Fig. |^ between results 
with and without dressing of the photon-quark vertices. 



IV. THE p7r7 AND a;7r7TRANSITIONS 



An impulse approximation description of the p tt 7, 
TT^ 7, and uj^ 7r° 7 transitions can be obtained simply 
by replacing one of the vector vertices in the generic PVV 
triangle diagram, see Eq. (|l|) , by the vector meson bound 
state BSA, and the other by the dressed quark-photon 
vertex. The only difference between these three radiative 
decays is in the flavor dependent factors. 

For the radiative decay — > 7r''"7, the photon can ra- 



A^/ ^ = Q.Alt^'^ + QsAlt 



d,d 



(25) 



where A^J^'*^ is the vertex having the indicated quark fla- 
vor labeling and containing no charge or flavor weights 
associated with external bosons. With both the p° and 
7r° given by {uu — dd) j -\/2, the radiative decay jp — > 7r°7 
can be expressed as 



A^/^ = Q„A 



uu.u 



dd.d 



Qd 



(26) 



where the radiative contribution from both quark and 
antiquark of the same flavor have been combined^ In 
the isospin symmetric limit, we have AJ^"'" = A^^-'' = 
y^iid," — _^iid,d^ ^Yaxs and p° have identical tt^ 
radiative decays at this level. 

The radiative decay uj — > 77^7 is given by 



QA UU,U 



Wd A , 



(27) 



where, compared to Eq. (|26|), the change in phase of the 
second term here comes from the phase of the dd com- 
ponent of the Lu. Again, with isospin symmetry, we have 



A^^T = A;^;^'" and hence A;^J^ 



In impulse approximation, the physical vertex is given 
by the quark loop integral 



Nr. 



Tr 



Siq2)r^q2,qi)S{q,) 



3 Jk 

xTP^{q^,k)S{k)zTZ{k,q2) 



(28) 



where P is the p momentum, the photon momentum 
is Q, and the pion momentum is K = — {P + Q). We 
have used qi = k + P and q2 — k — Q. This is completely 
analogous to Eq. (|l^) for the 7177 vertex if the quark- 
photon vertex iV^ is replaced by the p BSA. In fact, if 
that photon momenta is continued into the timelike re- 
gion, use of Eq. (^ to extract the pole contribution 
to the 7r77 vertex will identify Eq. ( p8| ) as the pi:^ vertex. 

The p7r7* transition form factor is identified from the 
p7r7 vertex according to 

KV{P\ Q) = eM-/3 Po^Qp Fp^.iQ^) , (29) 



at P^ = At the photon point we have F{0) — 1 

and gpTT-y is the conventional coupling constant associated 
with the radiative decay width 



5, 



24 



(30) 



The corresponding formula holds for the w — s- 7r7 decay 
with gu,^^/m^ = igp-n-i/rup 



As Eq. ( |2S| ) shows, it is gpTr-y/mp that is the natural 
outcome of calculations of the vector radiative decays; 
therefore, it is this combination that we report in Ta- 
ble III, We also give the corresponding decay widths. 
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TABLE III: Coupling constants and partial widths for radia- 
tive decays of p and lj, compared to experimental data pS]. 





calc. 


g/m 


expt. g/m 


calc. r 


expt. r 


p"- 




0.68 




0.9 ± .2 


52 keV 


102 ± 25 






0.68 




0.74 ± .05 


52 


68 ±7 






2.07 




2.31 ± .08 


479 


717 ± 43 



Note that in the timelike region, the three different 
curves and the experimental data are all very close to 
each other: they are dominated by the resonance pole at 
the p/lo mass. However, the three curves differ signifi- 
cantly in the spacelike region where a monopole clearly 
does not represent the behavior obtained from modeling 
at quark-gluon level. Our results can be represented, in 
the manner of a Pade approximant, by the formula 



Except for the difference between the decay of the neutral 
and charged states of the p, which evidently is beyond the 
reach of the isospin symmetric impulse approximation, 
the agreement between theory and experiment is within 
10%. This is consistent with the other tt and p observ- 
ables obtained from the same model. Note that part of 
the difference between the experimental decay width and 
our calculated decay width comes from the phase space 
factor because our calculated p and uj masses are about 
5% too low. 



A. Transition form factor 

In Fig. ^ we show our DSE result for the ujttj* tran- 
sition form factor as a function of the photon momen- 
tum Q^. The pirj* form factor is identical to this. Our 
result compares reasonably well with available experi- 
mental data for the cunj* form factor in the timelike 
region |]39|] ; we are not aware of data in the spacelike 
region. Also shown in Fig. ^ is a result from an ear- 
lier study [^o[ that implemented phenomenology at the 
level of the dressed quark propagator and the p/u BSA. 
For reference we also display the simple VMD monopole 
having mass scale TOoj. 



1.0 -hQ2 



1.0 + 3.04Q2 + 2.42Q4 + 0.36Q6 



(31) 



10.0 



DSE calculation 
VMD CO monopole 
Mitchel-Tandy 1995 
IHEP data 




FIG. 4: Our DSE result (solid line) for the ujn-y* (and 
p7r7*) form factor, together with a simple VMD monopole 
with mass scale = 0.61 GeV^ (dashed line) and the more 
phenomenological result from Ref. ^] . The data in the time- 
like region are from Ref. [p9[. 



which is almost indistinguishable from our form factor 
on the domain —0.5 < < 5 GeV^. This suggests that 
the asymptotic behavior of this form factor is l/Q*. Al- 
though there are no experimental data available for the 
p7r7* process at spacelike photon momenta, indirect in- 
formation about this form factor can be obtained from 
analyses of electron scattering from hadronic targets: e.g. 
it contributes as a meson exchange current tied to bo- 
son exchange models of the nuclear interaction. In this 
case the "p7r current" is virtual and the relationship to 
processes involving true quark-gluon bound states is not 
entirely clear. 

Thus the pir"/* form factor plays a role in the interpre- 
tation of electron scattering data from light nuclei, be- 
cause the isoscalar meson-exchange current contributes 
significantly to these processes. In particular our un- 
derstanding of the deuteron EM structure functions for 
~ 2 — 6 GeV^ requires knowledge of this form fac- 
tor An initial exploratory study |Q of the pnj* 
vertex within the present framework, but employing phe- 
nomenology to a much greater extent, produced a very 
soft result for the form factor and this is shown in Fig. ^ 
as the Mitchell-Tandy curve. It was found |4^ that the 
resulting meson exchange current contribution provided 
a very good description of the elastic deuteron electro- 
magnetic form factors A{Q'^) and B{Q^) in the range 
2 — 6 GeV^ where such effects are important. 

The model under consideration in the present work, 
based on the DSEs of QCD, has no free parameter other 
than the two set by f-^ and {qq) as described earlier; 
the amount of phenomenology is significantly less than 
the earlier Mitchell- Tandy result |Q. The present work 
produces a form factor that is much softer than what 
is inferred from VMD but obviously harder than the 
Mitchell-Tandy result |40| , as can be seen in Fig. |. We 
expect the present impulse approximation results for the 
form factor to be as reliable as the pion and kaon charge 
form factors from this model |]l5|] . The present form fac- 
tor is harder than what is required to fit electron scat- 
tering from the deuteron if the standard analysis is em- 
ployed Q. What is required for progress is some esti- 
mation of the likely effect from the virtuality of the tt and 
p qq correlations relevant to the meson exchange current 
mechanism. An investigation of a related aspect of this 
issue is to be found below. 
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B. Virtual vector qq correlations and VMD 



In Sec. Ill A| we have seen that the 7* tt^ form fac- 
tor is an almost perfect monopole with rUp as the mass 
scale, see Fig. This suggests that the vector meson 
resonance pole in the dressed 97*9 vertex dominates to 
the extent that the following VMD mechanism is very ef- 
fective: there is a 7-p transition, a p propagation, then a 
/9-7r-7 transition. Implicit in this three-step mechanism, 
are the assumptions: that even for spacelike momentum 
of the 7*, the first and third steps are described by cou- 
pling constants defined at the p mass-shell, and the mo- 
mentum dependence is carried totally by the propagator 
of a point particle having the p mass. However, at the 
quark-gluon level, one cannot define a p-meson bound 
state at spacelike momentum; only a vector qq correla- 
tion with the same quantum numbers of the p can be 
discussed. Hence the issue is the domain of applicability 
and the accuracy of those assumptions. We wish to ex- 
plore this for a variety of PVV processes; we will begin 
with the connection between the 7* 7r7 process and the 
p7r7 process. 

We begin with Eq. ( p^ for the quark loop integral 
which produces the vertex t^^J'^ via Eq. (|l7|), use the 
notation change Qi P and Q2 — > Q, and consider the 



domain 



The quark-photon vertex (qi , k) 



in Eq. ([L6|) then behaves like 



p2 



m 



2 A' 
P 



(32) 



Use of only this resonance contribution gives 



A:i.-^^(P;g) 



p2 



X / Tr 

Ik 



S{q2)T^q2, q^)S{q,)lVl{q^, k)S{k)iT,{k, q^) 



^^^|^A-(P;g), 



(33) 



where the last equality follows from identifying the quark 
loop integral for the /r?7r7 vertex via Eq. (p^). We sub- 
stitute the general forms of both vertices from Eqs. (|ll 
and (p9|) and cancel common factors. This yields 



,{P\Q^ 



fp 



V2(p2 + m2) 



(34) 

When the non-resonant photon is real. Fig. n shows that 
FyTr^{P^,Q'^ 0) is very accurately described by this 
monopole shape even for spacelike momentum as large 
as P2 = 5 GeV^ ~ lOm^. At P^ = Eq. (H) accurately 
accounts for the transition strength gpT^-y in terms of g^r-y-y 
and the other more fundamental quantities. The relation 



fp 9pn-i 



(35) 



is borne out to the extent that substitution of the sep- 
arately calculated values of these quantities gives 0.138 
for the LHS and 0.134 for the RHS. 

In the 7* — *■ 7r7 process, we can view the 777 transi- 
tion current as coupling to a vector qq correlation ini- 
tiated by the 7*. In the process 7*A^ — > -kN away 
from the s-channel resonance region, one often consid- 
ers soft ^-channel mechanisms modeled by meson ex- 
change. In the case of a vector i-channel mechanism, the 
nucleon current is required to provide a spacelike vec- 
tor qq correlation to the 77r transition current. If we 
model the vector qq vertex provided by the nucleon cur- 
rent as q{p+)-fpgvNNiP'^)qip-), where gvNNiP'^) is the 
phenomenological coupling constant and form factor cor- 
responding to the t-channel momentum P, then we have 
a point qq correlation that can interact and propagate to 
the 77r transition current. The object with momentum 
P = p+ — that describes this satisfies the inhomoge- 
neous BSE 



F 



VNN 



ip+.P-) = Z2^pgvNNiP^)+ / K{p,q;P) 



5(g+)F™(<Z+,g_)5(<z-).(36) 



This is just gvNN{P'^) times the dressed vertex seeded 
by 7^; i.e., gvNNiP"^) times the photon vertex F^. Since 
Tp has the vector meson pole, see Eq. (^2|), the meson ex- 
change mechanism, including the "meson" propagation, 
is embedded in this vertex. 

A more exact treatment would be to calculate a dis- 
tributed vector qq vertex q{p+)Vp{p+,pS)q(jp^) from 
a quark-gluon model of the nucleon. In the absence 
of a reliable calculation of such a distributed vertex, 
we here explore the consequences of the above mod- 
eling of the nucleon current as a pointlike current 
q{p+)^pgvNN{P'^)<l(p-)- For simplicity, we omit the 
phenomenological nucleon coupling strength gvNN^P'^) 
in the calculations below, which can be easily appended 
for subsequent applications such as 7*A^ — > nN pro- 
cesses. Thus, for the V*tt^* vertex we are led to the 
impulse approximation 



S[q2)T-{q2,qi)S{q,) 



xTl{q,,k)S{k)tTZ{k,q2] 



(37) 



where Q is the photon momentum, the vector current mo- 
mentum is P, and the pion momentum is A' = — (P + Q). 
We have used qi = k + P and q2 = k — Q in complete 



analogy to Eq. (|2^) for the pn^f vertex but with re- 
placing the p BSA. In analogy with Eq. 
form may be expressed as 



9^, the general 



K^HP;Q) ^^-^ep,^pP^QpAv..y^{P\Q^), 

(38) 

thereby defining an amplitude Due to Eq. (p2), 

this amplitude has the physical vector meson resonance 
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pole at the mass-shell = — Wp. We thus may write for 



any momentum 



p2 



(39) 



and this serves to define a generalized form factor Gp-T^^* 
for the "process" 7*p* tt. At the p mass-shell, this 
form factor Gp^jr^* reduces to the previously defined 
form factor FpT^^*{Q'^). Note that this form factor is not 
unique in the sense that we have chosen one particular 
description of the vector qq correlation. A different choice 
for the inhomogeneous term in Eq. (36) would lead to a 
different amplitude Av^-K^y* and thus to a different form 
factor Gptjr-y-'] only for on-shell p and tt mesons can one 
uniquely define a form factor Fp^^j* . 

Our choice for the inhomogeneous term leads to a mo- 
mentum dependence of the amplitude Ay.Tr^* that is the 
same as that of the 7*7r7* form factor, apart from the 
overall scale. Hence the earlier observations associated 
with Fig. |l| indicate that, for « the monopole shape 
in with mass scale irip dominates. Thus the form fac- 
tor Gp-^j-{P^,Q^ ~ 0) in Eq. (||) has very little 
dependence and the meson exchange picture is thus very 
effective there. In other words, the strict VMD approxi- 
mation to Eq. (|39|) 



Av^^y^iP^Q^ 



fprrip 



p2 



■^Fp^^^iQ'), (40) 



is valid for ~ and for the complete range of spacelike 
P^ investigated here (< 5 GeV^). 

The question arises: what is the more general do- 
main of and P^ for the applicability of the meson 
exchange picture? Certainly when and P^ are both 
large, we can conclude from Fig. |^ that the amplitude 
Av'^j' {P^,Q^) with Q2 = p2 f^^g off like 1/P^ whereas 
a meson dominance model would predict 1/P^. Thus, the 
form factor Gp*Tr-y*{P'^,P^) becomes a constant for large 
P^, in contrast to Pp^^»(P^) which seems to fall off as 
l/P**, as can be seen from Fig. ^ and our fit, Eq. (^l|). 

In the top panel of Fig.^ we display as discrete data 
points our results for the P -dependence of the amplitude 
Avtt'j* {P'^,Q'^) for several values of the photon momen- 
tum Q^, and compare it with the naive VMD formula, 
Eq. (|40[). For photon momenta near the p-pole, the 
behavior of the amplitude A as function of P^ is softer 
than one would expect from VMD. This is no surprise, 
since we have already seen in the previous section that 
the on-shell Pp7r7* is softer than VMD. For « 0, the 
VMD prediction works quite well. For increasing space- 
like the amplitude AvTr-y* is progressively harder in 
P^ (i.e. falls off slower) compared to the VMD approx- 
imation. This means that the 1/(P^ + m^) behavior of 
the p-meson propagator increasingly over-estimates the 
falloff with momentum of the virtual vector object; the 
meson exchange picture is showing its limitations. As a 
consequence, the momentum dependence of the general- 
ized form factor Gp*Trj'{P^,Q^) becomes more evident; 



10" 



• Q =-0.4 

* -0.2 GeV^ 

♦ 0.2 GeV^ 
- 0.8 GeV^ 
° 3.0 GeV'^ 



0.4 0.6 
[GeV^] 





• 


= -0.4 GeV 


* 


= -0.2 GeV^ 


« P' 


= 0.2 Gev'^ 


» P' 


= 0.8 GeV^ 




FIG. 5: Top: The virtual vector momentum P^-dependence 
of the amplitude Avir-f* from the DSE calculation for several 
values of the photon momentum is shown by the discrete 
points. The meson exchange approximation is shown by the 
curves. Bottom: The Q^-dependence of the generalized form 
factor Gp*ni' {P^, Q^) for several values of the virtual vector 
momentum is shown by the discrete points. The curve is 



the on-shell Fo-, 



compared to the on-shell form factor Fp.^^.{Q'^) it be- 
comes progressively harder in for increasing (space- 
like) P^. This can be seen more clearly in the bottom 
panel of Fig. ||. 

If and P^ are both more spacelike than about 
1 GeV^, the point meson propagator in the VMD or me- 
son exchange approximation represented by Eq. (|4^) can 
overestimate the falloff by 50% or more. We anticipate 
this inadequacy of the point meson propagator to ap- 
ply generally to meson exchange models. No standard 
phenomenological form factors for the coupling of virtual 
"mesons" to hadronic currents (such as gvNN{P'^)) can 
compensate for the propagator falling off too fast. In 
the present specific case, we have a spacelike (pipq cor- 
relation, not a "virtual bound state meson". This 97^(7 
correlation falls off slower than a point meson propaga- 
tor; in the UV region it does not vanish, but goes to a 
bare vertex, 7^. Our modeling of the q^y^q correlation 
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by a ladder BSE with a point inhomogeneous term is in 
agreement with perturbative QCD, whereas the notion 
of a highly virtual p-meson "bound state" does not make 
any sense in the perturbative region. 



C. Virtual pseudoscalar qq correlations 



and note that this is renormalization-point dependent. 
We can define a renormalization-point dependent ampli- 
tude App-^.{K'^ ,Q'^) via 



^pPo,Qf3App.^.{K^,Q^), (46) 



As an extension of these observations, we also calculate 
the corresponding amplitude associated with the pP*^* 
vertex, where P stands for the pointlike pseudoscalar cur- 
rent (Tl^q. The interaction and propagation of this corre- 
lation generates the pion pole. The quantity thus made 
available to us is relevant to the pN process via 

i-channel exchange of a pseudoscalar qq correlation. Of 
course, in a more realistic calculation, one should use 
a distributed vertex q(jpj^)V{p+,p-)q{p-) from a quark- 
gluon model of the nuclcon, rather than a pointlike pseu- 
doscalar vertex. Corresponding to Eq. ( p6| ) for the vector 
case, our approximation for the pseudoscalar qq correla- 
tion (with the phenomenological gpNN{K'^) removed) is 
the inhomogeneous BSE for the vertex 

^5{P+,P-) = Zij5+ / K{p,q;Q) 

Jq 

^S{q+)r5iq+,q-)Siq-), (41) 

where the total momentum is K = — p_ . Note that 
this dressed vertex is renormalization-point dependent] 
however, the combination TOq(p)r5, where mg{p) is the 
current quark mass, is renormalization-point indepen- 
dent. Near the pion pole, this dressed vertex Fs behaves 
like 



'^5iP+,P^) 



K'^ + mi 



r"(p+,P- 



(42) 



where rp{p) is the renormalization-point-dependent 
residue in the pseudoscalar channel and is given by ||l6|] 

.A 

rp(/x) ^Z^nJ TT[j,S{q+)T^q+,q_)S{q.)] . (43) 

Jq 

The axial-vector WTI dictates that this pseudoscalar 
residue is related to the pion mass and decay constant 
through |16| 



2mq{p)rp{p) = Uml 



(44) 



where the renormalization-point dependence of the cur- 
rent quark mass and that of the residue is such that the 
combination is renormalization-point independent. 

In a way that is completely parallel to Eq. (|3^), we 
model the pP*7* vertex through the impulse approxima- 
tion 



A^^'^(P;g) = e 



Tr 



Siq2)T5iq2,qi) S{qi) 



xTPiq,,k)S{k)zr2{k,q,) 



(45) 



where K = —{P + Q) is the pseudoscalar momentum 
and Q is the photon momentum, both incoming to the 
diagram. This amplitude App*^* has the physical pion 
resonance pole at the mass-shell = —m^. We thus 
may write for any momentum 



App,^,{K^,Q^) = 



K'^ + m 



■Gp^.^.{K\Q^) ,(47) 



and this serves to define a generalized form factor GpT^'j* 
for the "process" j*P* p. This dimcnsionless form 
factor is renormalization-point independent, and reduces 
to the on-shell form factor FpT^~^- (Q^) at the pion mass- 
shell — ~m^. With GoTT-T* replaced by its value at 
the pion mass-shell, Eq. (E^) yields the meson exchange 
approximation 



App.^.iK' 



fp(M) 



- F 



(48) 



The directly calculated amplitude App-^* is shown in 
the upper panel of Fig. ^ by the discrete points as a 
function of for several values of . The contin- 
uous curves illustrate the meson exchange approxima- 
tion, Eq. (^). The degree of agreement indicates the 
domain where the pseudoscalar meson exchange picture 
is effective. The pion pole dominates the behavior at low 
momentum of the pseudoscalar correlation. For on-shell 
photons, the meson exchange approximation is quite ac- 
curate for spacelike up to about K"^ = 1 GeV^ ~ 50m J. 
However with increasing Q^, one observes that the pion 
pole alone falls off with faster than what is required to 
describe App.^. (if^, Q^). Similar to the vector case, for 
spacelike photon momenta, the falloff of the amplitude 
A with is slower than that of a pseudoscalar meson 
dominance model; the meson exchange picture thus has 
a very limited domain of applicability. 

In the bottom panel of Fig. we display the gener- 
alized form factor Gp,r'i'iK^,Q^) as a function of the 
photon momentum for several values of the virtual 
pseudoscalar K^. The physical form factor at the pseu- 
doscalar meson mass-shell, F-y.p7r(Q^), is shown by the 
continuous curve. The rise at timelike photon momen- 
tum is due to the vector pole in the photon-quark vertex. 
This figure illustrates that the form factor as a function 
of becomes harder as the momentum of the space- 
like pseudoscalar correlation is increased. For spacelike 
K"^ < OA GeV^ « 5ml the meson exchange approxi- 
mation is quite good up to ~ 3 GeV^, but with the 
larger virtuality > 0.8 ~ 40m^ the error in the me- 
son dominance assumption has grown to almost a factor 
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FIG. 6: Top: The dependence of the amphtude App*j* 
on the pseudoscalar momentum for several values of the 
photon momentum is given by the discrete points from 
the DSE calculation. The meson exchange approximation is 
given by the curves. Bottom: The DSE results for the Q^- 
dependence of the generalized form factor Gpn'j* {K^ , Q^) for 
several values of the pseudoscalar momentum are the dis- 
crete points. The on-shell Fp^-y'{Q'^) is given by the curve. 



of 2 at « 3 GeV^. No standard phenomenological 
form factor for the meson- nucleon coupling, gpNNi.K'^)^ 
can compensate. This observation is evidently due to the 
fact that the q^^q correlation does not continue to fall off 
with increasing spacelike total momentum, but goes to a 
constant. 



V. SUMMARY 

We have studied selected meson transition processes 
and associated form factors within a model of QCD based 
on the Dyson-Schwinger equations truncated to ladder- 
rainbow level. The infrared structure of the ladder- 
rainbow kernel is described by two parameters; the ul- 
traviolet behavior is fixed by the one-loop renormaliza- 
tion group behavior of QCD. Within the u and d quark 



sector we have obtained the coupling constants for the ra- 
diative decays: p —> ttj, lo — > 7r7, and 7r° — > 77. We have 
studied the form factors for the associated transitions: 
7*7r'' — > 7, 7*7r'' — > 7*, 7*7r — > p and 7*p — > tt. The lat- 
ter two processes are of interest as contributors to meson 
electroproduction from hadronic targets away from the 
s-channel resonance region. 

We have exploited the fact that since a quark-gluon 
model can dynamically produce the vector meson pole 
in the dressed photon-quark vertex, the validity and ef- 
fectiveness of using a meson exchange picture in nearby 
momentum domains can be tested. We find that for the 
transition 7*7r'^ 7, the vector meson resonance pole 
term extrapolated to the photon point produces an es- 
timate of the p radiative decay coupling constant gpT^-^ 
in terms of the tt decay coupling constant g-j^-y-^ that is 
accurate to within a few percent. However at the photon 
point and more generally for spacelike momentum, there 
is no vector meson bound state; the object that occurs in 
such dynamics is a vector qq correlation described by the 
dressed q'y^q vertex. This particular meson-gq duality 
cannot survive when the momentum of the vector ob- 
ject becomes sufficiently large and spacelike because the 
dressed q^^q vertex eventually becomes bare or perturba- 
tive, it does not fall off with large spacelike momentum; 
that is, it cannot provide a fall-off like a point meson 
propagator. Nevertheless, for a large range of spacelike 
momentum, we find the shape of the form factor for the 
transition 7*7r'' ^ 7 to be quite accurately described by 
a monopole with mass scale nip] that is also consistent 
with analyses of the asymptotic behavior. This is an ex- 
ample of the empirical effectiveness of the simple VMD 
assumption being much greater than its faithfulness to 
the underlying dynamics or physical picture. 

We have examined this issue further by consider- 
ing form factors for transition processes 7*P — > p and 
7*1^ — > TT where P and V are virtual qq objects having 
the quantum numbers of ground state pseudoscalar and 
vector mesons respectively. Such processes often arise in 
meson exchange models of electroproduction of mesons 
from hadronic targets. Our model of the underlying 
quark-gluon dynamics is used to investigate the extent 
to which the virtuality of V and P influences the corre- 
sponding form factors that should be employed in me- 
son exchange models, given that the employed i-channel 
propagator is of the standard point meson type. 

Here we model the hadronic coupling to or P as 
generated by a point q^y^.q or 975(7 vertex accompanied 
by a standard phenomenological meson-hadron form fac- 
tor. The physics of interaction and propagation of V 
or P towards the 7*7r or 7*p transition currents is imple- 
mented by solution of the ladder BSE for the correspond- 
ing dressed versions of the (pip,q or 9759 vertices. We 
contrast the results obtained this way with those from 
the meson exchange picture in which the 7*77 — > p and 
7*p — > TT form factors are paired with the corresponding 
point meson propagator. In this way we obtain some 
insight into the domain of applicability of the meson ex- 
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change mechanism for these processes. 

We find that near the photon point, the dependence 
of the amphtude for 7*^ — s- tt upon the spacelike virtu- 
ality of V is well described by the meson exchange pic- 
ture out to at least 5 GeV^, which is the limit of our 
examination. As we have pointed out, there is indirect 
information that the agreement will extend to asymp- 
totic spacelike momenta. However when both 7* and V 
are more spacelike than about 1 GeV^, the point meson 
propagator for V overestimates the falloff with virtuality 
of V by at least 50% and the discrepancy increases with 
virtuality. This means that the j*VTr form factor to be 
used in effective point meson exchange models must have 
a dependence upon virtuality of V that compensates for 
the inadequacy of the point meson propagator. Similar 
conclusions are drawn for the 7*P — s- p process. 

Rather than model the coupling of the qq correlation to 
a nucleon source by a qq dressed vertex seeded by a point 
vertex and a phenomenological meson-nucleon form fac- 



tor, a more exact treatment would require a quark-gluon 
description of the nucleon transition current. It is a dif- 
ficult task to combine such a description with the meson 
transition form factors considered here. Some progress 
in development of the required techniques within a DSE 
approach can be found in Ref. |^ . 
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